To promote more cost-effective use of chemical monitoring resources, quantitative structure activity relationships (QSARs) are proposed as methods to identify chemicals that could be found in, and cause adverse effects to, organisms in water, sediment and soil from the Great Lakes basin. QSARs were used to evaluate the hydrolysis half-lives, Henry's Law constants, ultimate biodegradation potential in water, modes of toxic action and bioavailability of 47 industrial chemicals and pesticides, 20 direct food additives, 13 indirect food additives and 7 pharmaceuticals that were previously predicted to partition to sediment and to have bioconcentration or aquatic toxicity potential or potential to not biodegrade readily in sediment (Walker et al. 2004 ). Using these QSARs will promote more cost-effective use of chemical monitoring resources by allowing researchers to focus their analytical techniques on measuring chemicals that are not likely to hydrolyze, volatilize or biodegrade rapidly to carbon dioxide, but are likely to have specific modes of toxic action and be bioavailable.
Introduction
Previous studies identified 47 industrial chemicals and pesticides, 20 direct food additives, 13 indirect food additives and 7 pharmaceuticals that had bioconcentration or aquatic toxicity potential or potential to not biodegrade readily (Walker et al. 2004) . While 96% of these chemicals were predicted to partition to sediment, it is highly unlikely that they would be discharged directly to sediment, but would be discharged to air and enter the aquatic environment as a result of deposition or would be discharged to water prior to partitioning to sediment. As a result of their transport to and through water, the aquatic fate of the 47 industrial chemicals and pesticides, 20 direct food additives, 13 indirect food additives and 7 pharmaceuticals needed to be examined. The purpose of this paper is to illustrate how QSARs for predicting hydrolysis half-lives, Henry's Law constants, ultimate biodegradation potential, modes of toxic action and bioavailability can allow researchers to detect or measure chemicals that are not likely to hydrolyze, volatilize or ultimately biodegrade to carbon dioxide in water within six months, but are likely to have specific modes of toxic action and be bioavailable to cause adverse effects to humans, fish, birds and wildlife.
Methods
QSARs for predicting hydrolysis half-lives, Henry's Law constants, ultimate biodegradation potential, modes of toxic action and bioavailability were used to screen four lists of previously described chemicals (Walker et al. 2004) . Hydrolysis half-lives, Henry's Law constants and ultimate biodegradation probabilities in water were predicted using the BIOWIN program from the Syracuse Research Corporation EPI Suite of estimation programs (http://www. epa.gov/opptintr/exposure/docs/episuite.htm).
Chemicals were classified by mode of toxic action based on the techniques described by Bradbury et al. (1989 Bradbury et al. ( , 1990 Bradbury et al. ( , 1991 , McKim et al. (1987a,b,c) and Russom et al. (1997) for predicting acute toxicity to fish. Structurally-diverse chemicals were organized into classes with similar modes of toxic action. The classification is illustrated by the response-surface approach (Schultz and Mekenyan 2003 
where N represents the type of narcosis, including non-polar narcosis, amine narcosis and polar narcosis (phenols and anilines) and GED is the acronym for global electronic descriptor. In this study, the energy of the lowest unoccupied molecular orbital, ELUMO, was used as the GED, because it was shown to be the best descriptor for modelling fish acute toxicity (Dimitrov et al. 2000) .
The domain of covalently, irreversibly binding reactive chemicals was divided into sub-domains according to the putative mode of toxic action conditioned by specific reactive groups (aldehydes, ketones, etc.). Quantum-chemical descriptors associated with those groups were combined with log BCF to predict the mode of toxic action of the 47 industrial chemicals and pesticides, 20 direct food additives, 17 indirect food additives and 7 pharmaceuticals by making use of the following model:
where R corresponds to the specific class of covalently binding reactive chemicals, and RPi describes the reactivity of the chemical class. The following reactivity parameters were used to model specific chemical classes: maximum donor and acceptor delocalizability at α-Catom, for α,β-unsaturated alcohols; charge at carbonyl oxygen, for aldehydes; bond order between carbon and halogens, for α,β-unsaturated halides, etc.
The response-surface approach was employed along with an expert system (Karabunarliev et al. 2003 ) on a training database for predicting acute toxicity to fathead minnow (Brooke et al. 1984; Geiger et al. 1985 Geiger et al. , 1986 Geiger et al. , 1988 Geiger et al. , 1990 ). However, due to the limitations of the training database, no specific models have been derived for some classes of chemicals. The query chemicals falling into those classes (for which predictions should be made) were loosely defined as toxicants with an "unexplained" mode of toxic action (model difficult chemicals) and were combined in a separate class. For those chemicals with an "unexplained" mode of toxic action, the minimal log 1/LC50 was determined, as defined by the response surface model associated with neutral (non-polar) narcotics.
Previously described methods were used to identify bioavailable chemicals (Dimitrov et al. 2002a (Dimitrov et al. ,b, 2003 .
Results
Hydrolysis half-lives, Henry's Law constants, ultimate biodegradation probabilities in water, bioavailability and modes of toxic action were predicted for 87 chemicals (47 industrial chemicals and pesticides, 20 direct food additives, 13 indirect food additives and 7 pharmaceuticals) that were previously discussed (Walker et al. 2004) . The names and Chemical Abstract Service (CAS) registry numbers of the chemicals that are not protected by confidential business information and the Simplified Molecular Input Line Entry System (SMILES) notations of all 87 chemicals for which hydrolysis half-lives, Henry's Law constants, ultimate biodegradation probabilities in water, bioavailability and modes of toxic action were predicted are listed in Table 1 .
Hydrolysis half-lives could be predicted for 28 of the 87 chemicals because these chemicals had potentially hydrolysable structures. Of these 28 chemicals, only one chemical had a predicted hydrolysis half-life <30 days (Table 2) . Two chemicals had predicted hydrolysis halflives of 35 days.
Henry's Law constants were measured for 8 of the 87 chemicals and predicted for the remaining 79 chemicals (Table 3) . While none of the measured Henry's Law constants were >10 -2 atm m 3 /mole, 2 industrial chemicals and pesticides, 6 direct food additives and 1 indirect food additive had predicted Henry's Law constants >10 -2 atm m 3 /mole (Table 3) . Almost all the food additives had biodegradation probabilities >1.75; all but 11 of the industrial chemicals and pesticides and 4 of the 7 pharmaceuticals had biodegradation probabilities >1.75 (Table 4) .
Specific modes of toxic action could be predicted for 26 industrial chemicals and pesticides, 12 direct food additives, 6 indirect food additives and 2 pharmaceuticals (Table 5) . Except for indirect food additives and pharmaceuticals, about half of the chemicals for which specific modes of toxic action could be identified were base surface narcotics. Many of the industrial chemicals and pesticides, food additives and pharmaceuticals had unexplained modes of toxic action (Table 5) .
TABLE 1. Chemical Abstract Service (CAS) registry numbers (RN) and names of chemicals that are not protected by confidential business information and Simplified Molecular
Input Line Entry System (SMILES) notations for all 87 chemicals for which hydrolysis half-lives, Henry's Law constants, ultimate biodegradation probabilities in water, bioavailability and modes of toxic action were predicted
.alpha.2,.alpha.6-Bis(6-hydroxy-m-tolyl)mesitol
3555-47-3 1,1,1,5,5,5-Hexamethyl-3,3-bis(trimethylsiloxy)trisiloxane 2, 2, 3, 3, 4, 4, 5, 5, 6, 6, 7, 7, 8, 8, 8 -Heptadecafluoro
1742-14-9 1,1'-Ethylidenebis 3,4-dimethylbenzene
3194-55-6 1,2,5,6,9,10-Hexabromocyclododecane
32687-78-8 1,2-Bis(3,5-di-tert-butyl-4-hydroxyhydrocinnamoyl)hydrazide
126-64-7 1,6-Octadien-3-ol, 3,7-dimethyl-, benzoate
2,2,4,4,6,6-Hexamethyl-s-trithiane 
17540-75-9 2,6-Bis(1,1-dimethylethyl)-4-(1-methylpropyl)phenol 2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-heptadecafluoro 
C(F)(F)(C(F)(F)C(F)(F)C(F)(F)C(F)(F)C(F)(F)C(F)(F)C(F)(F)F)S(=O)(=O)N(CCO

FC(F)(F)C(F)(F)C(F)(F)C(F)(F)C(F)(F)C(F)(F)F
28984-89-6 Phenoxy-1,1'-biphenyl c1(c2ccc(Oc3ccccc3)cc2)ccccc1
7143-69-3 Phenylacetic acid, 1,5-dimethyl-1-vinyl-4-hexenyl ester
O=C(OC(C=C)(CCC=C(C)C)C)Cc(cccc1)c1
102-22-7 Phenylacetic acid, 3,7-dimethyl-2,6-octadienyl ester, (E)-
139-70-8 Phenylacetic acid, 3,7-dimethyl-6-octenyl ester
10486-14-3 Phenylacetic acid, 3,7-dimethyl-7-octenyl ester
26401-27-4 Phosphorous acid, isooctyl diphenyl ester
16883-83-3 Phthalic acid, benzyl 3-hydroxy-1-isopropyl-2,2-dimethylpropyl
ester isobutyrate 84-61-7 Phthalic acid, dicyclohexyl ester
29036-02-0 Quaterphenyl c1(c2cc(c3cc (c4ccccc4)ccc3)ccc2)ccccc1 36431-22-8 Spiro(isobenzofuran-1(3H),9'-(9H)xanthen)-3-one,
13393-93-6 Tetradecahydro-1,4a-dimethyl-7-(1-methylethyl)-
Bioavailability was predicted for all 47 industrial chemicals and pesticides, 20 direct food additives, 13 indirect food additives and 7 pharmaceuticals using previously described methods (Dimitrov et al. 2002a (Dimitrov et al. ,b, 2003 . Most of the chemicals had at least one bioavailable conformer (Table 6) .
Discussion
Previous studies identified 87 chemicals (47 industrial chemicals and pesticides, 20 direct food additives, 13 indirect food additives and 7 pharmaceuticals) that had bioconcentration or aquatic toxicity potential or potential to not biodegrade readily (Walker et al. 2004) . While these predictions probably account for most persistence, it is possible that some of these chemicals are susceptible to hydrolysis, volatilization or biodegradation to carbon dioxide in the water prior to sediment partitioning. In addition, it is possible that some of these chemicals are bioavailable and have specific modes of toxic action. To further assess persistence and toxicity, hydrolysis halflives, Henry's Law constants, ultimate biodegradation probabilities in water, bioavailability and modes of toxic action were predicted for the 87 chemicals (Table 1) . Chemicals with hydrolysis half-lives >30 days are likely to persist in water for at least a month, unless they are susceptible to aerobic biodegradation. Only one chemical had a predicted hydrolysis half-life <30 days (Table 2) . Bromoxynil octanoate with an ester function that is susceptible to hydrolysis had a predicted hydrolysis half-life of 16 days. Two other esters, 2,4-D, 2-ethylhexyl ester and 2-ethylhexyl (4-chloro-2-methylphenoxy)acetate had predicted hydrolysis half-lives of 35 days.
Chemicals with predicted Henry's Law constants >10 -2 atm m 3 /mole are likely to volatilize from water even under quiescent conditions. Two industrial chemicals had predicted Henry's Law constants >10 -2 atm m 3 /mole (Table 3) . Both were siloxanes (dodecamethylcyclohexasiloxane and tetrakis(trimethylsiloxy)silane). While many siloxanes are highly viscous, their potential volatility is well known as was documented for octamethylcyclotetrasiloxane (Walker and Smock 1995) . Six direct food additives and 1 indirect food additive had predicted Henry's Law constants >10 -2 atm m 3 /mole (Table 3 ). The direct food additives included caryophyllene, guaiene, beta-bourbonene and cadinene. Perfluoron-hexane was the highly volatile indirect food additive with a Henry's Law constant of 1.8 x 10 4 atm m 3 /mole. Chemicals with biodegradation probabilities >1.75 are likely to have biodegradation half lives <6 months in water (Walker and Carlsen 2002) . Most of the industrial chemicals and pesticides, direct food additives, indirect food additives and pharmaceuticals had biodegradation probabilities >1.75 (Table 4 ). In fact many of these chemicals had biodegradation probabilities >2.25 suggesting that their biodegradation half lives could be less than a month in water. If these chemicals were not hydrophobic and less likely to sorb to sediment particles, they could biodegrade in water prior to sedimentation. The chemicals with biodegradation probabilities <1.75 included some chemicals that are well known for their persistence, e.g., tetrabromobisphenol A, pentabromodiphenyl ether, fluoroscein dyes, and perfluorinated chemicals.
Base surface narcotics are chemicals that have reversible modes of toxic action; 23 of the industrial chemicals and pesticides, food additives and pharmaceuticals were base surface narcotics (Table 5 ). In contrast, more reactive chemicals, i.e., those that are not base surface narcotics are likely to have irreversible modes of toxic action; 64 of the industrial chemicals and pesticides, food additives and pharmaceuticals are in this category, including 41 with unexplained modes of toxic action (Table 5 ).
The analysis of the molecular minimum, effective and maximum cross-sectional diameters of energetically reasonable conformers revealed that these geometric characteristics are strongly dependent on molecular flexibility. The complexity of the effect of molecular flexibility on molecular size and subsequently on bioavailability is illustrated with n-pentadecane (Fig. 1) .
For many years the effective diameter controlling permeability of chemicals assumed a strict spatial orientation of the molecules towards the cell membrane surface in a way that the molecular projection over the membrane does not exceed a certain threshold (anticipated to be around 9.5 Å). Pentadecane with an effective diameter of 6.3 Å ( Fig. 2A) with an appropriate orientation can penetrate a membrane pore (Fig. 2A) . The appropriate orientation, however, is prevented by the entropy factor, i.e., by chaotic movement of molecules, which explains the inability of pentadecane with an effective diameter of 19.8 Å (Fig. 2B) to penetrate a membrane pore (Fig. 2B) . Dimitrov et al. (2002a Dimitrov et al. ( ,b, 2003 have proposed that a maximum diameter of 14.7 Å is a more realistic criterion that influences bioavailability and hence BCFs (Fig. 3) . Comparing the BCFs of chemicals with effective diameters less than and greater than 9.5 Å illustrates that the range of BCFs for chemicals less than and greater than 9.5 Å was similar (Fig. 3A) . In contrast, the BCFs of chemicals with maximum diameters less than and greater than 14.7 Å illustrates that the range of BCFs for chemicals less than and greater than 14.7 Å were different (Fig. 3B) . Chemicals with maximum diameters greater than 14.7 Å had maximum BCFs of about 3, whereas lipophilic chemicals with maximum diameters less than 14.7 Å had BCFs ranging predominantly from 3 to 6. The 14.7 Å maximum diameter corresponds to the size of the hydrophilic head of phosphotidyl choline, an essential membrane component (Fig. 4) .
Most of the 87 chemicals were bioavailable because they had maximum diameters less than 14.7 Å. However, there were some with maximum diameters greater than 14.7 Å. These included 7 industrial chemicals and pesticides, 2 indirect food additives and 1 pharmaceutical (Table 6 ). All of these had minimum diameters greater than 14.7 angstroms and included terphenyls, benzotriazoles and conazoles.
Conclusions
Hydrolysis half-lives, Henry's Law constants, ultimate biodegradation probabilities in water, bioavailability and modes of toxic action were predicted for the 47 industrial chemicals and pesticides, 20 direct food additives, 13 indirect food additives and 7 pharmaceuticals that were previously discussed (Walker et al. 2004 ). Based on predicted hydrolysis half-lives and Henry's Law constants, 10 of the 87 chemicals had the potential to hydrolyze or evaporate from water. In contrast 71 of the 87 chemicals had the potential to biodegrade in water in less than 6 months, assuming their biodegradation rates were faster than sorption and sedimentation rates. Of the 87 chemicals, 23 were predicted to have a base surface narcotic mode of toxic action. Most of the 87 chemicals were bioavailable because they had maximum diameters less than 14.7 Å.
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